Background Understanding acetabular pathomorphology is necessary to correctly treat patients with hip complaints. Existing radiographic parameters classify acetabular coverage as deficient, normal, or excessive but fail to quantify contributions of anterior and posterior wall coverage. A simple, reproducible, and valid measurement of anterior and posterior wall coverage in patients with hip pain would be a clinically useful tool. Questions/Purposes We (1) introduce the anterior wall index (AWI) and posterior wall index (PWI), (2) report the intra-and interobserver reliability of these measurements, and (3) validate these measurements against an established computer model.
Introduction
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crossover sign describes only the relative relationship between the anterior and posterior walls and does not answer the question of whether the anterior or posterior walls provide excessive, normal, or deficient coverage. A positive posterior wall sign suggests deficient coverage but does not provide a quantitative value or range for values for deficient, normal, or excessive coverage [14] .
Analysis of acetabular pathomorphology is necessary to appropriately treat patients with complaints related to the hip. There is increasing concern that failure to recognize abnormalities of acetabular morphology leads to inadequate or inappropriate treatment of hip disease [7, [11] [12] [13] [14] 16] . Consequently, the question arises whether normal coverage of the femoral head can be defined on an AP pelvis radiograph. The lateral center-edge (LCE) angle is widely accepted to define the amount of lateral coverage of the femoral head [22, 24] . However, simple parameters for quantifying anterior and posterior head coverage on an AP pelvis radiograph have not been developed. Tannast et al. [20] recently reported a computerized measurement method on AP pelvis radiographs and subsequently reported [19] differences in the amount of anterior and posterior coverage between normalappearing acetabula, dysplastic acetabula, and hips with a deep socket. The question arose whether a simple radiographic parameter on an AP pelvis radiograph could identify the same differences in anterior and posterior coverage. We therefore developed simple radiographic parameters to quantify anterior and posterior coverage: the anterior wall index (AWI) and the posterior wall index (PWI). These parameters measure the length of the covered head portion along the head-neck axis and divide this measurement by the radius of the femoral head.
Our purposes in this study are to (1) introduce these new measurements, (2) provide analysis of the intraand interobserver reliability of these measurements, and (3) validate these measurements against an established computer analysis model.
Patients and Methods
We retrospectively reviewed 109 patients (155 hips) treated surgically for various hip disorders between January 2003 and December 2003 to measure the parameters. We excluded 46 patients (68 hips) from evaluation if they had undergone previous surgical intervention, were treated for fracture or severe proximal femoral deformity (eg, Legg-Calvé-Perthes, proximal femoral focal deficiency), if no appropriate preoperative radiograph was available, or if the hip exhibited Grade 2 or higher osteoarthritis according to the Tönnis classification [22] . This left us with 63 patients (87 hips) included in the analysis (Table 1) . A standardized radiographic technique was performed for all reviewed AP pelvis radiographs. A film focus distance of 1.2 m was used with the beam centered between the pubic symphysis and a line connecting the anterior superior iliac spine with the pelvis in neutral rotation [14] . The longitudinal rotation of the pelvis was verified as correct when the tip of the coccyx was in line with pubic symphysis. Any rotation of the tip of the coccyx from the symphyseal line by more than 1 cm was considered unacceptable for measurement purposes. Images were not specifically corrected for tilt.
Acetabula were stratified into one of the three morphologic groups based on preoperative AP pelvis radiographs: (1) dysplastic, (2) normal, and (3) deep. A dysplastic acetabulum was defined as an LCE angle of less than 20°. A deep acetabulum was defined as meeting one of the following criteria: (1) an LCE angle of greater than 39° [ 23] or (2) projection of the acetabular fossa or medial femoral head medial to the ilioischial line. Each acetabulum was also evaluated at the time of surgical intervention and intraoperative findings were used to correlate with preoperative diagnosis. Preoperative radiographs were analyzed for total anterior acetabular coverage (TAC) and total posterior acetabular coverage (TPC) with Hip 2 Norm (University of Bern, Bern, Switzerland), a validated computer program for measuring acetabular morphology [20] . The Hip 2 Norm computer analysis model validation included an external comparison (comparison with CT scan data) and internal comparison (analysis of multiple radiographs on the same cadaver pelvis with tilt and rotation systematically altered), as well as analysis of inter-and intraobserver reliability [20, 21, 25] . Hip 2 Norm has the ability to correct radiographs for tilt and rotation; however, we did not use this function for this study.
Two individuals performed the wall index measurements, an orthopaedic surgeon experienced in viewing and interpreting AP pelvis radiographs (JMS) and a medical student with no prior experience interpreting AP pelvis radiographs (LK). Both observers were trained in the method on a single radiograph before recording their measurements. Each observer performed two measurements on each radiograph, with an interval of at least 5 days between the first and second readings.
The measurement was performed for each hip as follows (Fig. 1) . A circle was placed over the femoral head that best approximated the femoral head shape and center of rotation. In cases of proximal femoral morphologic abnormality, the major diameter of the head was used to fit the circle. The radius of the circle was then determined. A line was drawn down the axis of the neck, intersecting the circle through its center. The distance along this line between the medial intersection of the circle and the intersection of the anterior wall (a) was recorded. Then, the distance between the medial intersection of the circle and the intersection of the posterior wall (p) was recorded. If either wall fell medial to the circle (as in the case of a severely dysplastic hip), a negative value was assigned to the a or p distance. The AWI and PWI were then calculated by dividing the a and p lines, respectively, by the radius of the circle. Sample AWI measurements are shown for a dysplastic hip ( Fig. 2A) , normal hip (Fig. 2B) , and a hip with a deep acetabulum (Fig. 2C) . We used the intraclass correlation coefficient (ICC) [10] to calculate level of agreement among two or more continuous variables. We then evaluated our AWI and PWI measurements to determine association with the TAC and TPC measurements specified by Hip 2 Norm. Standard linear regression analysis was used to determine whether a linear relationship existed between those measurement sets, and the Pearson correlation coefficient was used to determine the strength of that linear relationship. Normal distribution was determined with the Kolmogorov-Smirnov test. Homoscedasticity was determined with the Fligner-Killeen test of homogeneity of variances. All statistical analyses were performed using R Version 2.14.1 (R Foundation for Statistical Computing, Vienna, Austria).
Results
The mean intraobserver ICC was 0.94 (95% CI, 0.91-0.97) for the AWI and 0.81 (95% CI, 0.72-0.87) for the PWI ( Table 2 ). The mean interobserver ICC was 0.99 (95% CI, 0.98-0.99) for the AWI and 0.97 (95% CI, 0.95-0.98) for the PWI.
The mean AWI and PWI were 0.28 and 0.81, respectively, for dysplastic hips; 0.41 and 0.91, respectively, for normal hips; 0.61 and 1.15, respectively, for hips with a deep acetabulum ( Table 3 ). The quantification of the linear relationship between our measurements and the Hip 2 Norm values (Table 3) showed an r of 0.837 (p \ 0.001) for the AWI versus TAC (Fig. 3A) and an r of 0.895 (p \ 0.001) for the PWI versus TPC (Fig. 3B) . Values are expressed as mean, with range in parentheses. 
Discussion
Quantification of anterior and posterior acetabular coverage is necessary for appropriate treatment of both dysplastic hips and hips exhibiting impingement due to acetabular overcoverage. We therefore developed two new measurements to quantify anterior and posterior acetabular coverage using a single AP pelvis radiograph: the AWI and the PWI. Our purposes were to (1) introduce these measurements, (2) provide analysis of the intraand interobserver reliability of these measurements, and (3) validate these measurements against an established computer analysis model. The study has several limitations. First, these indexes have not been evaluated or validated in asymptomatic individuals. Therefore, we can only say that these findings apply to patients with symptomatic hip disease and currently cannot be used to identify normal from abnormal acetabular coverage in asymptomatic patients. Further validation of these measurements in asymptomatic patients would help expand their use in determining normal from abnormal hips. Second, rotational malalignment of the pelvis during acquisition of the radiographs will have an influence on the amount of anterior and posterior wall coverage [21] . This may give rise to measurement errors. However, our radiographs were taken with a standardized technique that is reproducible and minimizes malalignment [15] . Furthermore, we did not use Hip 2 Norm to correct for rotation or tilt, as most clinicians do not have software available to perform this function; therefore, manual measurements and computer modeling were performed at the same pelvic orientation. This allowed for the greatest consistency in measurements between the two techniques. Third, measurement of head coverage at one single point along the head-neck axis ignores the curved variations in the shapes of the anterior rim to a certain degree [8] . Even though our measurement was taken only at a single point along the rim, in our patient cohort, it showed high correlation with the area-based measurement obtained from Hip 2 Norm. Fourth, our cohort of normal-appearing acetabula contained a considerably higher percentage of males (78.9%) than either the dysplastic (20.6%) or deep (8.8%) acetabulum cohorts (Table 1 ). All patients in our study were being treated for symptomatic hip pain, and this distribution reflects the higher prevalence of purely femoral-sided pathology in males and, conversely, the higher prevalence of acetabular pathomorphology in females [1, 18] . Finally, these indexes are not suitable for markedly aspherical femoral heads such as occur in LeggCalvé-Perthes disease. Difficulty in determining a radius of curvature of grossly deformed heads will affect the AWI and PWI even though no acetabular pathomorphology may be present.
The AWI and PWI correlated with previously performed anterior and posterior wall coverage measurements based on a computer model analysis of AP pelvis radiographs [20] . Average values and ranges for the AWIs have been provided for normal acetabula, which will help to distinguish between insufficient and excessive coverage (Table 3, Fig. 2) . The intra-and interobserver reliabilities for both indexes indicate these measurements are highly reproducible.
When comparing the performance of our new measurements with the data collected from our computer model, Pearson's r values of 0.837 for the AWI and 0.895 for the PWI indicate strong correlation with the area-based values obtained from Hip 2 Norm. These correlations suggest the AWI and PWI are acceptable alternatives to computer modeling when determining anterior and posterior acetabular wall coverage.
Anterior and posterior head coverage can be quantified with the aid of CT scans, computer model analysis, and plastic templates on AP pelvis radiographs [2, 3, 6, 8] . Typically, the craniocaudal projection of the head coverage is used to calculate the coverage of the anterior and posterior hemispheres. Although these measurements seem to provide accurate data on coverage, these techniques have the disadvantage that they require a CT scan or specialized computer software [2, 4, 9] . In addition, they cannot be used for intraoperative assessment. A more simple method for measuring the contact area with a template has been proposed by Hefti [6] , who primarily designed the method to analyze the contact surfaces and the resulting transmitted forces. However, Hefti's calculations of anterior and posterior head coverage in individual examples with normal morphology of hips are consistent with the findings of the computerized analysis (Hip 2 Norm) by Tannast et al. [19] . They found, in normal acetabula, the anterior wall and posterior wall cover 15% to 26% and 27% to 32% of the head sphere, respectively. Systematic analysis in normal, dysplastic, and deep acetabula showed a normal distribution of values with a difference of anterior and posterior wall coverage among all three groups [19] . The decreased anterior and posterior head coverage in dysplastic hips was confirmed independently with the same computerized method in a different patient group before undergoing periacetabular reorientation for development hip dysplasia [17] .
Our findings also raise questions about the utility of the posterior wall sign as described by Reynolds et al. [14] . From our data, it would appear, in hips with normal acetabular morphology, the line of the posterior wall would be very slightly medial to the true center of the femoral head. Since the normal PWI encompasses a range from medial to the center of the femoral head to just lateral to it, we would caution the reader not to use the posterior wall sign alone to make determinations on acetabular morphology. In summary, normal, excessive, and deficient anterior and posterior wall coverage can be identified on a plain AP pelvis radiograph with the simple parameters (AWI, PWI) we describe. Furthermore, our parameters are highly reproducible and strongly correlate with area-based measurements from a validated computer analysis model. We believe these two indexes should be included in future radiographic analysis of the hip, especially in patients amenable to hip-preserving surgeries, as it is our experience that too much surgical trimming of the anterior rim in femoroacetabular impingement may lead to rapid progression of osteoarthritis. We acknowledge these measurements have only been validated in patients with symptomatic hip disease, and further validation in asymptomatic patients would be required to broaden their use. These measurements should help to identify adequate anterior and posterior coverage to achieve the optimal balance after surgical intervention.
